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Jute textile reinforced polymer composite system was developed and its tensile, ﬂexural behaviour was characterised and compared
with that of carbon textile (CFRP) and glass textile (GFRP) reinforced polymer composite. As India is one of the largest producers of
jute, hence its potential application in many branches of engineering should be developed. In the present work the eﬃcacy of jute textile
reinforced polymer composite (JFRP) as compared to CFRP and GFRP for the ﬂexural strengthening of reinforced concrete beams was
compared by carrying out bending test on reinforced concrete beams in three groups of fourteen beams. The work carries out the study of
failure modes, ﬂexural strengthening eﬀect on ultimate load and load deﬂection behaviour as well as the deﬂection ductility study of RC
beams bonded externally with JFRP, CFRP and GFRP, wrapped in U conﬁguration in single layer, along the entire length of the beam
in full wrapping and strip wrapping technique. The results depicted that JFRP, CFRP and GFRP, strengthening improved the ultimate
ﬂexural strength of the RC beams by 62.5%, 150% and 125%, respectively, with full wrapping technique and by 25%, 50% and 37.5%,
respectively with strip wrapping technique. JFRP strengthening displayed highest deformability index and proved that jute textile FRP
material has huge potential as a structural strengthening material.
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There is a huge need for repair and strengthening of
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Production and hosting by Elseviersons for the deterioration of structures, it can be due to
environmental inﬂuences, inadequate design and construc-
tion or need for structural up-gradation so as to meet new
seismic design requirements because of new design stan-
dards, deterioration due to corrosion in steel caused by
exposure to an aggressive environment and accident events
such as earthquakes, excessive deﬂections, and poor con-
crete quality, etc. or sometimes even to solve execution
errors caused at the time of construction. For these pur-
poses, various strengthening techniques have been devel-
oped to satisfy these strengthening requirements. The
development of ﬁbre reinforced polymer (FRP) materialsuction and hosting by Elsevier B.V. Open access under CC BY-NC-ND license.
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woven, that is braided ﬁbres, textile or fabric, that is
strongly braided along with a backing material such as
latex backing or natural rubber backing, etc. and conﬁgu-
rations oﬀers an alternative design approach for the
strengthening of new existing structures. FRPs oﬀer design-
ers an excellent combination of properties not available
from other materials and present a potential solution to
civil infrastructure’s crisis hence are suitable materials for
structural retroﬁtting, FRP composite materials also oﬀer
an attractive alternative to any other retroﬁtting technique
in the ﬁeld of repair and strengthening of concrete elements
(Ceroni, 2010; Dong et al., 2013; Lau and Zhou, 2001;
Al-Amery and Al-Mahaidi, 2006; Sheikh, 2002). The
advantages of FRP are many such as high strength-
to-weight ratio, high speciﬁc tensile strength, good fatigue
resistance, ease of installation and corrosion resistance
characteristics, ease of repairing, high strength in the
required direction, and higher ultimate strength and lower
density than steel, etc. are some of the properties which
make FRPs ideal for strengthening applications. But a good
amount of theoretical knowledge and design guidelines is
required to ensure a safe, reliable and cost-eﬃcient use of
FRP materials. Carbon ﬁbre composites are the most fre-
quently used system in previous research and retroﬁtting
ﬁeld applications (El-Ghandour, 2011; Barros et al.,
2007; Esfahani et al., 2007; Al-Rousan and Issa, 2011;
Hashemi and Al-Mahaidi, 2012). This material has supe-
rior properties which include very high tensile strength
accompanied with a reasonable modulus of elasticity
(almost equals that of steel). Glass ﬁbre reinforced polymer
composites (GFRP) are comparatively a cheaper material,
and have high tensile strength but relatively lower modulus
of elasticity (about one-third that of carbon and reinforcing
steel), and is also another sought after retroﬁtting material,
in demand. (Correia et al., 2007, 2011; Almusallam, 2006).
The most widely used ﬁbres, which are used as reinforce-
ments in FRP, for the strengthening of concrete structures
are artiﬁcial ﬁbres which are carbon, glass, and aramid, etc.
Carbon ﬁbre is one of the costliest of all the ﬁbres, followed
by aramid ﬁbres, and although it comes with an advantage
of increasing the structural potential by many folds, it also
comes at an overhead of huge price and cost, and hence
cannot be easily considered as a good outcome based mar-
ket product. Although the requirement of structural
strengthening is increasing day by day with the deteriora-
tion of increasing civil infrastructure, the cost of these arti-
ﬁcial ﬁbres is also increasing, with the increment of various
environmental challenges that the fabrication of these
ﬁbres pose. Although glass ﬁbre is cheaper than carbon
and aramid ﬁbres, it has resulted in dermatitis problems
in many workers dealing with glass ﬁbre products and
applications. Hence, innovative strengthening techniques,
which uses user friendly as well as pocket friendly ﬁbres,
for the production and making of ﬁbre reinforced polymer
are becoming increasingly important to enable theextension of service life of deteriorated civil infrastructure.
Also it is to be kept in mind that the materials chosen for
structural up-gradation must, in addition to functional eﬃ-
ciency and increasing or improving the various properties
of the structures, fulﬁl some criterion, for the cause of sus-
tainability and a better quality. For example, these materi-
als should not pollute the environment and endanger bio
reserves, should be such that they are self sustaining and
promote self-reliance, should help in recycling of polluting
waste into usable materials, should make use of locally
available materials, utilise local skills, manpower and man-
agement systems, should beneﬁt local economy by being
income generating, should be accessible to the ordinary
people and be low in monetary cost. Besides improving
the strength of the structure using FRPs as the raw mate-
rial, it is also necessary to make use of local materials in
construction. So far the work on retroﬁtting of structures
is conﬁned to the use of carbon, glass or aramid ﬁbres,
etc, and very little work is being imparted in improving
structures using naturally available materials, or natural
ﬁbres. The application of composites in structural facilities
is mostly concentrated on increasing the strength of the
structure with the help of artiﬁcial ﬁbres and does not
address the issue of sustainability of these raw materials
used for strengthening purposes. In an expanding world
population and with the increase in the purchasing poten-
tials, the need for raw materials required for structural
strengthening, that would satisfy the demand on world
market is rapidly growing. In times when we cannot expect
the ﬁbre reinforced polymer prices to come down, with the
consumption growing day by day, new materials that
would be cheaper and at the same time oﬀer equal or better
properties have to be developed and be utilised for the up
gradation of various engineering structural components.
New materials, apart from the conventional ones, should
be developed and used for structural strengthening, and
these materials have shown promise and good properties
and enhancement in structural improvement (Peled and
Bentur, 2000; Kim and Shin, 2011; Sim et al., 2005; Grace
et al., 2004). Economic and other related factors in many
developing countries where natural ﬁbres are abundant,
demand that scientists and engineers apply appropriate
technology to utilise these natural ﬁbres as eﬀectively and
economically as possible for structural upgradation and also
other purposes for housing and other needs, etc. We have
enough natural resources and we must keep on researching
on these natural resources. Development of plant ﬁbre com-
posites has only begun. Large number of various natural
ﬁbres, such as jute (Milanese et al., 2011; Gassan and
Bledzki, 1999; Summerscales et al., 2010; Joshi et al.,
2004; Munikenche Gowda and Naidu, 1999) coir, banana
and sisal, etc., mainly manufactured in India, are among
those ﬁbre reinforced composites which are of particular
interest as these composites have high impact strength
besides having moderate tensile and ﬂexural properties com-
pared to other lignocellulosic ﬁbres. Hence encouragement
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ﬁbres, jute ﬁbres and sisal ﬁbres which are locally available
materials, in the ﬁeld of structural retroﬁtting. Here an
attempt is made to study the possibilities of using jute ﬁbre
materials as jute ﬁbre reinforced polymer, in structural ret-
roﬁtting of reinforced concrete beams, which tries to
improve the structural properties of the said beams.
2. Mechanical characterisation of jute, carbon and glass
textile composite
2.1. Materials
The jute fabric was collected from Extra Weave Private
Ltd, Cherthala, Kerala, India. MBrace FRP ﬁbre, of two
types, used in this work, that are MBrace carbon ﬁbre CF
230, 200gsm and MBrace glass ﬁbre EU 900 glass ﬁbre,
both in textile forms were collected from BASF Construc-
tion Chemicals Chandivali, Andheri East, Mumbai, India.
Also all other chemicals used for the fabrication of the nat-
ural jute ﬁbre textile composite and also the artiﬁcial
carbon and glass textile composite, such as MBrace
Saturant, which consists of Part A resin, and Part B hard-
ener were obtained from BASF Construction Chemicals
Chandivali, Andheri East, Mumbai, India. Also strength-
ening of the RC beams with textile wrapping using both
jute ﬁbre textile, and artiﬁcial carbon and glass textile com-
posite were carried out with the help of chemicals such as
Concresive 2200, MBrace Primer, and MBrace Saturant.
The MBrace Saturant which consists of Part A resin, and
Part B hardener and also all the other mentioned chemicals
were all obtained from BASF Construction Chemicals
Chandivali, Andheri East, Mumbai, India.
2.2. Pre-treatment of natural jute ﬁbres
The mechanical treatment in the form of heat treatment
was carried out in the following manner as elaborated. Tex-
tile mats were cut into the size as required for ﬂexural
strength test as per ISO 14125:1998. Textile mats of jute
ﬁbre were also cut for the tensile strength test as per ISO
527-4:1997(E) (Part-4), which lays down the guidelines
for the determination of the tensile properties of isotropic
and orthotropic ﬁbre-reinforced plastic composites. These
ﬁbre mats were then placed into the oven at 50 C for
48 h. After that these samples were kept in air tight cham-
ber so that atmospheric moisture cannot get absorbed by
these samples. Basically, if the ﬁbres are exposed to atmo-
sphere, then it results in the absorption of moisture by the
ﬁbres, this moisture which gets accumulated in the ﬁbres
are the main reason for weakening the ﬁbre structure,
and hence this moisture requires to be eliminated, the elim-
ination of the moisture from the ﬁbres can be attained by
the process of heat treatment or thermal treatment, as it
is fondly called. Heat treated composites of natural textile
have higher strength than untreated composites of natural
ﬁbre textiles.2.3. Fabrication of textile composites
All textile samples used for the tensile testing of the
composites of jute were cut in sizes as per the speciﬁcations
of tensile test as per ISO 527-4:1997(E), Part-4, which lays
down the guidelines for the determination of the tensile
properties of isotropic and orthotropic ﬁbre-reinforced
plastic composites and carbon and glass were cut in sizes
as per the speciﬁcations of tensile test as per ISO 527-
5:1997(E), Part-5, which lays down the guidelines for the
determination of the tensile properties of unidirectional
ﬁbre-reinforced plastic composites. The textile samples
used for the ﬂexural testing of the composites of jute, car-
bon and glass were cut in sizes as per the speciﬁcations of
ﬂexural test as per ISO 14125:1998, which lays down the
guidelines for the determination of the ﬂexural properties
of ﬁbre-reinforced plastic composites. A plastic bit mould
of suitable dimension was used for casting the textile com-
posite sheets. The usual hand lay-up technique was used for
preparation of the samples. A calculated amount of epoxy
resin and hardener, by ratio 10:4 by weight, was thor-
oughly mixed with gentle stirring to minimise air entrap-
ment. For quick and easy removal of composite sheets, a
mould releasing agent was also used. Electrical insulating
paper was put underneath the plastic bit mould and mould
releasing agent that is either poly vinyl alcohol or silicone
grease was applied at the inner surface of the mould. After
keeping the mould on the insulating sheet a thin layer
(2 mm thickness) of mixture of epoxy and hardener was
poured. Then the textile mats were separately distributed
on the mixture on diﬀerent moulds. The remaining mixture
was then poured into the mould on top of the textile mats.
Care was taken to avoid formation of air bubbles. Pressure
was then applied from the top into the mould and with this
pressure on top of the composite sheet; it was allowed to
cure at room temperature for 48 h. After 48 h the samples
were taken out from the mould and kept in an air tight con-
tainer for further experimentation.
2.4. Mechanical testing
Two mechanical tests were performed for all the three
diﬀerent variety of samples of textile composites of jute,
carbon and glass. The two tests include tensile strength test,
and ﬂexural strength test. The tensile test was carried out
by applying uni-axial load through both the ends of the
specimen, using suitable jaws as an attachment to the
UTM (universal testing machine). The tensile test was per-
formed in the HEICO Digital Universal Testing Machine
and results are obtained digitally with the aid of the digital
data acquisition system. The dimensions of the specimens
were as per ISO standards. The tensile strength test for jute
textile composite was done in accordance to ISO 527-
4:1997(E), as jute falls under the category of Type-2 mate-
rials. The tensile strength test for both carbon and glass
textile composite was done in accordance to ISO 527-
5:1997(E), as both carbon and glass fall under the category
Fig. 1. (a) Tensile testing; (b) tensile fracture samples of jute textile FRP; (c) tensile fracture samples of carbon and glass FRP.
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age value of ﬁve samples each. Fig. 1 shows the tensile frac-
tures in the composite samples. Various types of fractures
were observed in the textile composite samples, diagonal
fracture as well as straight fracture perpendicular to the
textile direction, were observed in case of jute textile FRP
and uneven tearing fracture was observed in case of carbon
and glass FRP. All these types of fractures are accepted
modes of tensile fracture in accordance to ISO 527-
4:1997(E) and ISO 527-5:1997(E), respectively. After the
tensile strength tests, the ﬂexural strength of the textile
composites was determined. The ﬂexural strength of a com-
posite is a 3-point bend test, which generally promotes fail-
ure by inter-laminar shear. This test was conducted as per
ISO 14125:1998 standard, using a load cell of high sensitiv-
ity. The loading arrangement is shown in Fig. 2. Since jute
belongs to Class II Type material, and carbon belongs to
Class IV and glass belongs to Class III, hence all the restric-
tions of the specimen dimensions for ﬂexural testing were
as per the code ISO 14125:1998. After the ﬂexural failure
occurred, all the specimens of the composites showed a sin-
gle line fracture (perpendicular to the plane of the textile
composite direction). Table 1 gives the values of the tensile
strength and ﬂexural strength of jute textile FRP, carbon
textile FRP and glass textile FRP.
3. Materials
3.1. Concrete
In the present work, Ordinary Portland Cement of 53
grade, i.e., ACC Cement of Grade 53 conforming to IS
12269-1987 was used. Locally available clean river sand
have been used in this work. The coarse aggregate used
was crushed (angular) aggregate conforming to IS
383:1970. The maximum size of aggregate considered wasFig. 2. (a) Flexural testing; (b) ﬂexural testing o12 mm. The coarse aggregate used for the casting of RC
beams, passed through 12 mm IS sieve. Based on all the
material properties, which were evaluated with the aid of
experiments in the laboratory, as per Indian Standard
speciﬁcations, the mix proportion of the concrete was
carried out, in accordance to IS 10262-2009, in order to
achieve the mix design strength of 20 N/mm2. In accor-
dance the mix proportion by weight of cement:sand:coarse
aggregate was found to be 1:2.07:1.87. The designed water
cement ratio was 0.5 and the workability tests performed
with this water cement ratio, which produced a slump test
value of 75 mm. Nine number of cubes were also casted
using the stated mix proportion and water cement ratio,
and the average compressive strength for 7 days was
6.322 N/mm2, for 11 days was 11.263 N/mm2and for
28 days was 22.309 N/mm2.
3.2. Reinforcement
Here Fe 415 HYSD 8 mm diameter, high yield strength,
and hot rolled deformed bars having characteristic strength
of 415 N/mm2 were used. Three samples of bars were
placed in the universal testing machine one after another
and tested for their yield strength. It was found that the
bars had average yield strength of 415 N/mm2. Thus use
of the bar specimen as reinforcement was safe. Fe 415,
8 mm diameter bars were used for the longitudinal rein-
forcement as well as for providing stirrups.
3.3. FRP (ﬁbre reinforced polymer)
Natural ﬁbre reinforced polymer (NFRP) is a strong,
light composite material made of natural ﬁbres. The jute
ﬁbre in woven textile form that is jute ﬁbre textile was used
to reinforce the polymer, and thus was used as jute ﬁbre
textile reinforced polymer. The E-glass, MBrace glass ﬁbref jute FRP; (c) ﬂexural testing of glass FRP.
Table 1
Tensile strength property of ﬁbre reinforced composite.
Mechanical property Heat treated jute textile composite Carbon textile composite Glass textile composite
Tensile strength (MPa) 189.479 923.056 678.571
Flexural strength (MPa) 208.705 1587.134 666.871
Main ﬁbre direction Main and cross directional woven Uni-directional Main and cross directional
Table 2
Typical properties of carbon ﬁbre, glass ﬁbre and saturant.
Mechanical property Carbon ﬁbre textile Glass ﬁbre textile MBrace Saturant
Description MBrace carbon ﬁbre (CF 240) MBrace glass ﬁbre (EU 900) 2 parts; Part A-Epoxy and Part B-Hardener
Modulus of elasticity 240 KN/mm2 73 KN/mm2 –
Tensile strength 4900 N/mm2 3400 N/mm2 –
Weight of ﬁbre 200 g/m2 350 g/m2 –
Density 1.7 g/cm3 2.6 g/cm3 1.06 kg/L (mixed density)
Thickness 0.117 mm 0.067 mm –
Ultimate strain (%) 1.55 4.5
Colour Black White Blue
Bond strength – – >2.5 N/mm2 (failure in concrete)
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reinforced polymer. E glass is one of the most common
reinforcement materials, used as reinforcement in FRP,
in civil structures. Carbon ﬁbres, MBrace carbon ﬁbre
CF 230, 200gsm in the fabric or textile form was used as
carbon ﬁbre reinforced polymer. MBrace saturant, which
is an epoxy resin, had been used for this work. MBrace
saturant is an epoxy resin which is used in conjunction with
MBrace FRP sheets. With the chosen MBrace FRP
ﬁbre, the MBrace saturant resin produces a high perfor-
mance composite system for use in structural strengthening
and upgrade, repair, or blast mitigation applications.
MBrace saturant Part A resin is mixed with MBrace
saturant Part B, which is the hardener, and this produces
a composite system along with the ﬁbres. The properties
of carbon ﬁbre, glass ﬁbre, saturant supplied by the manu-
facturer are summarised in Table 2.
4. Experimentation
4.1. Experimental programme
The experimental programme contained three beam
groups. All the three group of beams were utilised to study
the eﬀect of ﬂexural strengthening. U wrapping, that is, 3
sided wrapping conﬁgurations was allowed for all strength-
ening schemes, keeping practical aspects and consider-
ations in mind. The main aim of this research was to
carry out ﬂexural strengthening of RC beams, using a
new sustainable material, used as reinforcement for fabri-
cation of the FRP composite. Keeping sustainability in
mind, natural jute textile reinforcement was chosen for
the fabrication of FRP composite. In order to ﬁnd the
eﬀectiveness of natural jute textile reinforced FRP compos-
ite in ﬂexural strengthening of RC beams, it was very piv-
otal to evaluate the performance of the same, keeping
practical considerations in mind, as the research wouldstrongly suggest the use of naturally occurring sustainable
reinforced textile composite for ﬂexural strengthening of
RC beams in practicality. The concept of ﬂexural and shear
strengthening of RC beams using FRP composites is quite
straight forward and exactly similar to steel reinforcement
used for normal RC construction. For ﬂexural strengthen-
ing, the textile composite reinforced polymer acts as longi-
tudinal reinforcements throughout the length of the beam.
High strength-low weight ﬁbre wraps provide passive con-
ﬁnement, which increases both strength and ductility
throughout the beam, including the tension zone, which
is the most important zone. Wrapping also enhances the
behaviour under ﬂexure due to the conﬁnement of con-
crete. The conﬁnement refers to the enclosing of concrete
which has a beneﬁcial eﬀect in terms of increase in com-
pressive strength and ductility. In practical ﬁeld applica-
tions, for a beam the sheets cannot be wrapped all
around the four sides, because beams and slabs are always
cast simultaneously for monolithic eﬀect, therefore the top
surface of the beam always comes under the slab area. The
presence of a RC slab leads to the exposure of only three
sides of the beam, as the top surface of the beam falls
within the slab concrete area, and henceforth only three
sides of the beam, which are exposed, can be utilised for
bonding of composites. This aids us in concluding that in
beam applications, basically, the presence of an integral
slab makes it impractical to completely wrap the member,
hence ﬂexural strength can be improved by wrapping the
FRP system around the three sides of the member (U-
wrap) or by bonding to the two sides of the member. All
the three techniques i.e., complete 4 sided wrapping (which
is impossible in practical cases), three sided U wrapping,
and 2 sided wrapping (which is mainly for increase in shear
strength), have been shown to improve the strength of the
beam member. Completely wrapping the section is the
most eﬃcient in strength enhancement, followed by
the three-sided U-wrap. Bonding to two sides of a beam
Table 3
Summary of test beams.
Beam group Wrapping conﬁguration Strengthening
material
Model beam
designation with
two number of
sample models in
each group
Type of
strengthening
Strengthening
scheme
Number of
FRP layer
bonded to
the RC
beams
Longitudinal
reinforcement Ratio
(all beams had same
value and were under-
reinforced)
Group A Nil Nil Control Specimen
Con1,Con2
No
strengthening
Nil Nil
0.0089
Group B Full length wrapping 90, single layer Jute FRP JF1,JF2 Flexural
strengthening
using jute
FRP
U – Wrap,
three sided
wrap
one layer
0.0089
Carbon FRP CF1,CF2 Flexural
strengthening
using carbon
FRP
U – Wrap,
three sided
wrap
one layer
0.0089
Glass FRP GF1,GF2 Flexural
strengthening
using glass
FRP
U – Wrap,
three sided
wrap
one layer
0.0089
Group C Strip wrapping 90, single layer
62 mm strips at 124 mm C/C (at a
clear gap of 62 mm) so as to achieve
50% of total area strengthening, with
end clear gaps of 49 mm
Jute FRP JF3,JF4 Flexural
strengthening
using jute
FRP
U – Wrap,
three sided
wrap
one layer
0.0089
Carbon FRP CF3,CF4 Flexural
strengthening
using carbon
FRP
U – Wrap,
three sided
wrap
one layer
0.0089
Glass FRP GF3,GF4 Flexural
strengthening
using glass
FRP
U – Wrap,
three sided
wrap
one layer
0.0089
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FRP system can be installed continuously along the span
length of a member or placed as discrete strips. As per
the recommendations of ACI-440.2R-02 (Guide for the
Design and Construction of Externally Bonded FRP Sys-
tems for Strengthening Concrete Structures), consideration
should be given to the use of continuous FRP reinforce-
ment that completely encases the member and may prevent
the migration of moisture. Because it is not only the
increase in ﬂexural strength of the beam at the initial
stages, that matter, ultimately durability aspects too have
to be looked into. Because, if the beam member is subjected
to harsh environmental conditions such as, hot and wet
cycling, alkaline immersion, freeze-thaw cycling, and ultra-
violet exposure, etc., then the strength of the beam would
get drastically reduced, and henceforth it would ultimately
result in the decrease in ﬂexural strength of the member.
Any FRP system that completely encases or covers a con-
crete section creates a moisture impermeable layer on the
surface of the concrete, thereby acting as an impermeable
membrane and enhancing the durability aspects of the
member. Strengthening with composites are expensive,
and hence, when strengthening is carried out then not onlyﬂexural strengthening, but also other important concrete
parametric characteristics are sought to be enhanced upon
such as shear strength, ductility and compressive strength,
etc. With the utilisation of a little extra amount of textile or
fabric for composite wrapping, various parameters can be
enhanced upon in the RC beams with a minimum enhance-
ment in labour cost, material cost and other economic
overheads, so U wraps, i.e., 3 sided FRP wraps, through-
out the entire beam length, are the most preferred strength-
ening scheme for practical applications, and henceforth this
type of strengthening scheme was followed here for
strengthening of RC beams which were then subjected to
pure bending loading system. 3 sided U wraps, improve
the behaviour of the beam under ﬂexure, by not only
improving its behaviour in the tension zone but also addi-
tionally the compressive strength and the ductility is
improved upon, as total conﬁnement of the beam area
throughout the entire length of the beam, is carried out
by this type of wrapping scheme. The behaviour and the
eﬀect of textile composite strengthening on the RC beams
were evaluated under pure bending or ﬂexural loading sys-
tem and the eﬀectiveness of jute textile composite system in
comparison to carbon and glass textile composite system
Fig. 3. Reinforcement detailing of RCC beams (all sets, group A, B and C).
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controlled specimens, which comprised of two number of
RC beam models designated as Con1 and Con2, where
no textile FRP application was carried out, the beams in
group B were designed to investigate the eﬀect of full wrap-
ping technique 90, 3 sided U wrap, using one layer of FRP
bonded to the three sides of the beam, so as to evaluate the
ﬂexural strengthening eﬀect provided by using jute textile
FRP which again comprised of two number of RC beam
models designated as JF1 and JF2, by using carbon textile
FRP which comprised of two number of RC beam models
designated as CF1and CF2, and ﬁnally by using glass tex-
tile FRP which comprised of two number of RC beam
models designated as GF1 and GF2. The beams in group
C were designed to investigate the eﬀect of strip wrapping
technique 90, 3 sided U wrap, using one layer of FRP
bonded to the three sides of the beam, to evaluate the ﬂex-
ural strengthening eﬀect provided by using jute textile FRP
which again comprised of two number of RC beam models
designated as JF3 and JF4, by using carbon textile FRP
which comprised of two number of RC beam models des-
ignated as CF3 and CF4, and ﬁnally by using glass textile
FRP which comprised of two number of RC beam models
designated as GF3 and GF4, a summary of the test beams
have been shown in Table 3. All the beams in group A, B,
and C had the same reinforcement detailing, although the
beam length for design is 1.3 m, it was casted as 1.4 m, so
as to have a 50 mm clearance from both the sides at thesupports. In accordance, the RC beam design was carried
out as per IS-456:2000, Indian Standard for plain and rein-
forced concrete-code of practice (4th revision). The entire
reinforcement detailing, which was followed for all the
three groups has been shown in Fig. 3. All the beams in
group A, B, and C were provided with the same reinforce-
ment detailing, and henceforth with the same reinforce-
ment ratio as summarised in Table 3, this facilitated us to
carry out a comparative study and analysis, so as to evalu-
ate the eﬀectiveness of strengthening using jute textile FRP,
over carbon textile FRP and glass textile FRP. Indian stan-
dard consideration restricts the maximum percentage of
reinforcement in RC beams to 2.5%, and here the longitu-
dinal reinforcement ratio i.e., considering both tensile and
compressive reinforcements, the reinforcement ratio used
was 0.89%, so as to ensure that the RC beams remain
under-reinforced. The reinforcement ratio is as summarised
in Table 3. Pure ﬂexural strengthening eﬀect was evaluated
with the aid of the detailing used for the steel reinforce-
ment; the design was carried out incorporating double
shear force, to ensure that the RC beams would fail in ﬂex-
ure before the occurrence of shear failure. Double shear
force was considered in the design, and the RC beams were
designed for double shear strength. So, in accordance stir-
rups were provided (as per the design) in a more stringent
manner, that is with lesser stirrup spacing and by providing
even more stringent stirrup considerations, near the sup-
ports that is at the shear zone, in the RC beams. All these
Fig. 4. (a) Surface preparation of beams by grinding; (b) primer application on beam surface; (c) application of epoxy hardener mix on the beam; (d)
bonding of woven glass fabric; (e) bonding of woven glass fabric in strips; (f) bonding of woven carbon fabric; (g) bonding of woven carbon fabric in strips;
(h) bonding of jute ﬁbre textile; (i) bonding of jute ﬁbre textile in strips; (j) ﬁnal coating of epoxy hardener mix on the bonded fabric.
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strength of the RC beams. So the designed RC beams were
deﬁcient in ﬂexure and had superior shear strength so as to
allow us to evaluate the eﬀect of ﬂexural strengthening
using textile composite wrapping. The controlled RC
beams (controlled beams are the ones with no textile com-
posite wrapping) were checked under pure bending, and it
was observed that these beams failed in the ﬂexural zone
with large number of ﬂexural cracks at the beam mid span,
and shear failure was not observed at all, and no shear
cracks, that is 45 cracks, at the shear zone were seen.
Henceforth, it could be concluded that the reinforcement
detailing was such that it enabled us to evaluate the eﬀectof ﬂexural strength enhancement provided by the three
sided U wrappingtechnique, which could then be suggested
for practical purposes. The beams were prepared by grind-
ing 3 side surfaces with the help of a grinding machine, this
was done so as to roughen the three sides of the beam
where FRP application was carried out, since roughening
the beam surface ensures good boding of the composite
material. After grinding, all the three side surfaces of the
beams were cleaned with an air nozzle, and ﬁnally wiped
to remove any dust or loose particles. Small surface defects
in the concrete beams were repaired and made good using
Concresive 2200.Then a coat of MBrace Primer was
applied on all the three sides of the beams in group B
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polyamine cured epoxy, which is the ﬁrst applied compo-
nent of the MBrace system, it is used to penetrate the pore
structure of cementitous substrates and to provide a high
bond base coat for the MBrace system. The primer coat
was allowed to air cure for 8 h. Next, Resin Part A and
Hardener Part B of the two component MBrace saturant,
were mechanically premixed as per the guidelines of the
BASF manufacturer for 3 min or until homogeneous.
The ratio of mixing of resin and hardener followed as per
the manufacturer was 3:1. Then neatly measured and cut
pieces of MBrace carbon ﬁbre texiles were applied on
the beam models CF1, CF2, CF3, CF4, followed by the
application of MBrace glass ﬁbre textiles on the beam
models GF1, GF2, GF3, GF4, lastly reinforcements of
woven jute ﬁbre textiles were applied on the beam models
JF1, JF2, JF3, JF4, for suitable ﬂexural strengthening.
The composite textile was placed on top of epoxy resin
coating immediately on the respective beam models and
the resin was squeezed through the roving of the fabric
with plastic laminating roller. It was made sure that all
the textile ﬁbre reinforcements are properly impregnated
in the resin hardener mix. Air bubbles entrapped at the
epoxy/concrete or epoxy/fabric interface were eliminated.
All the strengthened concrete beams were cured for at least
two weeks at room temperature before the beams were
tested. The entire strengthening process that is surface
preparation of beams and bonding of FRP has been dem-
onstrated in Fig. 4.4.2. Experimental setup
Third-point loading system was adopted for the tests. At
the end of each load increment, deﬂection, ultimate load,Fig. 5. (a) Third-point loading as per ASTM C78-78M standards. (b) Third pin
beam with jute textile FRP. (d) Loading on fully wrapped beam with glass FRtype of failure, etc., were carefully observed and recorded.
The experimental set-up under the third point loading sys-
tem is depicted Fig. 5. The loading arrangement for evalu-
ating the ﬂexural strength of the RC beam was followed in
accordance to ASTM (American Society for Testing and
Materials) C78/C78M which lays down the guidelines for
the standard test method for evaluating the ﬂexural
strength of concrete (using simple beam with third-point
loading).5. Results and discussions
The three sets of beams that is, Group A, B, and C, were
all tested for their ultimate strength. The beams in group A,
Con1 and Con2, had lesser load carrying capacity as com-
pared to that of fully strengthened beams (group B) as well
as partially strengthened beams (group C). The second set
of beams in group B, which were strengthened by 90 fully
wrapped textile FRP in single layer, ﬁrstly using jute textile
FRP, models JF1, JF2, then by using carbon FRP, models
CF1 and CF2 and lastly by using glass FRP models GF1
and GF2, are the ones which has shown the highest ulti-
mate strength, whereas the last set of beams in Group C,
which were strengthened by 90 strip wrapped FRP in sin-
gle layer in which the bonded strips were 62 mm sized strips
at 124 mm C/C (at a clear gap of 62 mm) so as to achieve
50% of total area strengthening, with end clear gaps of
49 mm, ﬁrstly using jute textile FRP, models JF3, JF4, then
by using carbon FRP, models CF3 and CF4 and lastly by
using glass FRP models GF3 and GF4, are the ones which
have shown ultimate strength higher than the control spec-
imens. Deﬂection behaviour and the ultimate load of the
beams were noted. The ultimate load carrying capacity of
all the beams along with the nature of failure and deﬂec-t loading system on a 50 ton loading frame. (c) Loading on fully wrapped
P.
Table 4
Experimental result summary of test beams.
Group
designation
Beam
designation
Failure
of FRP
Deﬂection
under the load
at 1/3rd span
(mm)
Deﬂection
at midspan
(mm)
Comments on deﬂection Ultimate
load,
(KN)
Average
Strengthening eﬀect (%)
with respect to increase in
strength over controlled
beams
Group A Con1 – 10.977 11.426 – 80 –
Con2
Group B JF1 Yes 20.139 23.211 Results in huge deﬂection, hence gives
suﬃcient warning
130 62.5
JF2
CF1 Yes 14.988 16.31 Has the least deﬂection in beams at
heavy loads
200 150
CF2
GF1 Yes 17.218 17.626 Beams shows deﬂections lesser than
natural jute FRP, but higher than
carbon FRP
180 125
GF2
Group C JF3 No 13.862 17.863 Deﬂections are lower than fully wrapped
beams, since failure occurs at lower
loads as compared to fully wrapped
beams
100 25
JF4
CF3 No 8.747 10.126 120 50
CF4
GF3 No 10.518 10.854 110 37.5
GF4
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eﬀect of strengthening, are summarised in Table 4 and
the deﬂection – deformability indices and ductility along
with FRP reinforcement ratio are all summarised in
Table 5.
5.1. Failure mode and ultimate strength study
Diﬀerent types of modes of failure were observed in the
experimentation of RC beams strengthened in ﬂexure by
textile FRPs. The ﬁrst set of beams that are group A,
Con1 and Con2, failed in ﬂexure which proved that the
beams were deﬁcient in ﬂexure. Major vertical cracks devel-
oped in the mid span that is the pure ﬂexure zone, these
cracks ﬁrstly developed at the lower face that is at the bot-
tom side of the beam and extended from the bottom side
towards the top face of the beam. Both the beams Con1
and Con2 failed in similar manner and Fig. 6(a) depicts
the clear representation of the failure of group A beams.
The average ultimate strength of group A beams was
80 KN. The second set of beams in group B, models JF1
and JF2, it was seen that both these beams failed in ﬂexure
and their ultimate load carrying capacity was much higher
than that of Group A beams. When load was applied on
JF1 and JF2, then ﬁrstly the matrix started cracking, then
on further increment of load, the jute ﬁbres in the textile
jute FRP started to crack, then again on further load incre-
ment the cracks in jute FRP started to widen, then the RC
beam showed a vertical crack in the ﬂexure zone, and then
this crack started slowly moving from the bottom face of
the beam to the top face. The failure modes depicted by
JF1 and JF2 were very ductile in nature, and the beamcarried huge deﬂections before reaching its ultimate load.
There was no debonding of jute FRP at all from the beam
face in any direction even at very high load, only a single
crack appeared in JF1 at the ﬂexure zone (near the beam
mid span), and this crack started to widen with the increase
in the load, without the development of any other cracks,
and in another beam JF2, two cracks appeared, which
started to widen with the increase in the load without the
development of any other cracks, these cracks were also
observed in ﬂexure zone of the beam, and the ultimate load
carrying capacity was reached by further widening of the
crack at the centre, without generation of any other alter-
nate cracks. The average ultimate strength of group B
beams JF1 and JF2 was 130 KN. Both the beams JF1
and JF2 failed in similar manner and Fig. 6(b) depicts
the clear representation of the failure modes of these
beams. The other set of beams in group B, in which the
beams were strengthened by fully U wrapped carbon
FRP, CF1 and CF2, it was seen that both these beams
failed in ﬂexure and their ultimate load carrying capacity
too, was much higher than that of Group A beams. When
load was applied on CF1 and CF2, then ﬁrstly the rupture
of carbon FRP was observed at the centre followed by
FRP debonding, that is in the ﬂexure zone (at the beam
mid span) carbon FRP ﬁrstly cracked and secondly started
debonding, debonding occurred at the bottom side as well
as on the other two lateral sides of the beam, then on fur-
ther increment of load, large number of cracks developed
at the bottom side of the beam, and the ultimate load car-
rying capacity was reached by further widening of these
cracks at the bottom with the generation of a large number
of alternate cracks in the ﬂexure zone. Both the beams CF1
Table 5
Deformability index and FRP reinforcement ratio.
Group
designation
Beam
designation
Average ﬁrst
crack load
(KN)
Average mid span
deﬂection at ﬁrst
crack (mm)
Average
ultimate
load (KN)
Average mid span
deﬂection at failure
(mm)
Deformability
index
FRP
thickness
FRP reinforcement
ratio for conﬁning
eﬀect
Group B JF1, JF2
100 11.402 130 23.211 2.04 3.65 0.089
CF1, CF2
165 12.381 200 16.31 1.32 1.2 0.03
GF1, GF2
130 11.854 180 17.626 1.49 1.4 0.034
Group C JF3, JF4
75 9.214 100 17.863 1.94 3.65
–
CF3, CF4
85 6.015 120 10.126 1.69 1.2
–
GF3, GF4
80 6.741 110 10.854 1.62 1.4
–
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clear representation of the failure mode of these beams.
The average ultimate strength of group B beams CF1
and CF2 was 200 KN. The other set of beams in group
B, in which the beams were strengthened by fully U
wrapped glass FRP, GF1 and GF2, it was seen that both
these beams failed in ﬂexure and their ultimate load carry-
ing capacity too, was much higher than that of Group A
beams. When load was applied on GF1 and GF2, then
ﬁrstly the debonding of glass FRP was observed from the
lateral sides of both the beams. Glass ﬁbres carcked within
the galss FRP, and started debonding. Cracking of glass
FRP and debonding started on the two lateral sides of
the beam ﬁrstly near the support ends, and proceeded
towards the centre. Then on further increment of load,
the process of further glass FRP debonding continued
throughout the entire beam length. Although glass FRP
debonding was initiated, but there wasn’t any rupture of
the glass FRP at the centre, unlike carbon FRP, i.e., deb-
onding continued without any FRP rupture. The debond-
ing of the glass FRP exposed the cracks in the RC beam,
both the RC beams showed vertical cracks in the mid span
i.e. in the pure ﬂexure zone, these cracks ﬁrstly developed
at the lower face i.e. the bottom side of the beam and
extended from the bottom side towards the top face of
the beam. The ultimate load carrying capacity was reached
by further widening of these ﬂexural cracks at the bottom
with the generation of alternate cracks in the ﬂexure zone.
Both the beams GF1 and GF2 failed in similar manner and
Fig. 7(a) depicts the clear representation of the failure
mode of these beams. The average ultimate strength of
group B beams GF1 and GF2 was 180 KN. The third set
of beams that is group C, in which the beams were
strengthened by strip, U wrapped jute textile FRP, JF3
and JF4, strip U wrapped carbon FRP, CF3 and CF4,
and strip U wrapped glass FRP, GF3 and GF4, all were
tested to ﬁnd out their ultimate load carrying capacity. It
was seen that all the beams JF3, JF4, CF3, CF4 and
GF3, GF4, showed that their ultimate load carrying capac-
ity was higher than that of Group A beams, but lower thanthat of group B beams, in which 3 sided that is U, full
wrapping using diﬀerent ﬁbres were carried out. In all the
beams of group C, it was observed that cracks ﬁrst devel-
oped in the RC beams and not on the FRP, be it jute textile
FRP, carbon FRP or glass FRP, this indicated that the
presence of bonded FRP on RC beams, be it natural
FRP like jute, or artiﬁcial FRP like carbon and glass,
imparted additional strength to the beams, and there by
enhanced the ultimate load carrying capacity of the beams.
When load was applied on JF3, JF4, CF3, CF4 and GF3,
GF4, then major vertical cracks developed in the mid span
that is the pure ﬂexure zone, and these cracks developed
only in the beam area, and not even a single ﬂexural crack
developed in the FRP, nor did the FRP undergo rupture,
these cracks on the beam, ﬁrstly developed at the lower face
that is the bottom side of the beam and extended from the
bottom side towards the top face of the beam. The strip
wrapping technique of FRP strengthening increased the
ultimate load carrying capacity up to a point which lay
in between the load carrying capacity increased by that
of full wrapping technique and that of controlled beams.
All the failure modes of beams JF3, JF4, CF3, CF4 and
GF3, GF4 are depicted in Fig. 7(b)–(d), respectively, which
clearly showed the ﬂexural cracks in all these beams. The
average ultimate strength of group C beams JF3, JF4
was 100 KN, CF3, CF4 was 120 KN and GF3, GF4 was
110 KN, respectively.
5.2. Load deﬂection relationship study
The load deﬂection behaviour of all the beams was
noted. The mid-span deﬂection of each beam was com-
pared with that of the group A controlled beams. Also
the load deﬂection behaviour was compared between two
wrapping schemes having the same reinforcement. It was
noted that the behaviour of the group B beams when
bonded with fully wrapped textile FRP were better than
group A controlled beams. The mid-span deﬂections were
higher when bonded externally with textile FRP because
the ultimate load at failure was much higher. The graphs
Fig. 6. (a) Control beams (Group A) under load. (b) Formation of ﬂexure crack in the beam JF1, under load. (c) Rupture of FRP and formation of ﬂexure
crack in the beam CF1, under load.
52 T. Sen, H.N. Jagannatha Reddy / International Journal of Sustainable Built Environment 2 (2013) 41–55comparing the mid-span deﬂection of diﬀerent group of
beams and their corresponding control beams are shown
in Figs. 8(a)–(c), respectively. The graphs comparing the
ultimate failure load of diﬀerent group of beams are shown
in Fig. 9(a). The use of textile FRP, in continuous form or
as strips had eﬀect in delaying the growth of crack forma-
tion. It was evident from the load causing the initial cracks.
The graphs comparing the ﬁrst crack load of diﬀerent
group of beams are shown in Fig. 9(b).When both the
wrapping schemes were compared, it was found that the
retroﬁtted beams with continuous U-wrap textile FRP
had a better load deﬂection behaviour when compared to
U-wrap strips. The use of continuous textile FRP was able
to avoid the brittle failure of the beams, as the beamsFig. 7. (a) Debonding of FRP and formation of ﬂexure crack in the beam GF
beam CF3. (d) Flexure crack in the beam GF3.carried huge deﬂections before failure and hence gave out
suﬃcient warnings before it could collapse.
5.3. Deﬂection ductility study
Ductility of a structural system, its components, and the
constituent materials has always had special importance in
the design of structures. Deﬁned – at diﬀerent scales – as
the ability to undergo inelastic deformation before failure,
ductility not only results in warning before ultimate failure
but also it reduces the dynamic load demand through
increased energy dissipation and damage. The latter phe-
nomenon has had a profound signiﬁcance in the design
of structures in seismic regions for at least the last half a1, under load. (b) Flexure crack in the beam JF3. (c) Flexure crack in the
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property where resistance to brittle failure during ﬂexure
is required to ensure structural integrity. Ductility can be
measured in terms of toughness, deformability or the
energy absorption capacity of a member. Ductility
characterises the deformation capacity of members (struc-
tures) after yielding, or their ability to dissipate energy.
In general, ductility is a structural property which is gov-
erned by fracture of the structural member. Table 5 sum-
marises the results of diﬀerent deformability measures for
the beams. The deformability index is deﬁned as the ratio4
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Here, it was observed that JF1 and JF2 have higher defor-
mability index as compared to CF1 and CF2 as well as
GF1 and GF2. Higher deformability index marks more
energy absorption and more plastic deformation before
failure and henceforth a structure processing one would
deﬁnitely be more ductile in nature. The deﬂection ductil-
ity, as discussed here has been expressed in terms of the
deformability index. Table 5 also summarises the FRP
reinforcement ratio, which aides us in evaluating the con-
ﬁning eﬀect provided by the natural jute FRP, or CFRP0
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tive in improving the ductility of members. Higher FRP
reinforcement conﬁning would obviously increase the con-
ﬁning eﬀect of the said FRP. The FRP reinforcement ratio
has been calculated based on the guidelines of ACI-440.2R-
02.
6. Conclusions
In the study herein, the applicability of jute textile FRP
as a strengthening material was investigated through vari-
ous experimental works of mechanical characterisation of
the FRP, and strengthening eﬀects provided by bonding
of jute textile FRP to beams over bonding of carbon textile
FRP and glass textile FRP. The jute textile FRP exhibited
a tensile strength of 189.479 N/mm2, which is 21% of the
tensile strength of carbon FRP (923.056 N/mm2) and
28% of the tensile strength of glass (E-glass) FRP
(678.571 N/mm2). The jute textile FRP exhibited ﬂexural
strength of 208.705 N/mm2, which is 13% of the ﬂexural
strength of carbon FRP (1587.134 N/mm2) and 32% of the
ﬂexural strength of glass (E-glass) FRP (666.871 N/mm2).
When jute ﬁbre textile mats were subjected to heat treat-
ment, then it increased the ﬂexural as well as the tensile
strength of jute textile FRP. From the experimentation of
RC beams subjected to bending, the specimens strength-
ened with fully wrapped jute textile FRP, JF1, JF2, the
strengthening eﬀect was very noteworthy with one layer
of jute FRP itself, providing an increase in the load carry-
ing capacity by 62.5%, and also promoted ductile failure
without any concrete crushing, and without FRP rupture
or any debonding, even at very high loads, these specimens
also had higher deformability index as compared to all
other specimens, and hence it can be concluded that jute
textile FRP strengthened models were the most ductile
ones. Hence with increasing number of layers a moresigniﬁcant strength improvement could be attained. The
specimens strengthened with one layer of fully wrapped
carbon FRP, CF1, CF2, and glass FRP, GF1, GF2, the
strengthening eﬀect in the load carrying capacity was
improved by 150% and 125%, respectively. Increase in
the ultimate load carrying capacity of beams by about
25% with one layer of jute textile FRP strips, 50% with
one layer of carbon FRP strips and 37.5% with one layer
of glass FRP strips were observed for beams belonging to
group C, where the strip wrapping technique was followed.
The presence of strips delayed the ﬁrst crack formation at
locations where FRP was bonded to the beams. The pres-
ence of natural and artiﬁcial FRP, bonded on the beam
inhibited the development of the cracks, and delayed the
formation of cracks. By the use of natural jute textile
FRP as well, as artiﬁcial carbon FRP and glass FRP, in
the ﬂexure deﬁcient beams, the initial cracks were formed
at higher loads than their respective controlled beams. This
showed that use of both natural and artiﬁcial FRP was
very eﬀective in case of ﬂexural strengthening of structures.
The ultimate strength of all the strengthened beams
increased with the increase in the width of the FRP, as strip
wrapping displayed lesser load carrying capacity than full
wrapping. The load deﬂection behaviour was better for
beams strengthened with FRP compared to the controlled
beams. A signiﬁcant diﬀerence was observed in the failure
pattern of natural textile FRP strengthened beam and arti-
ﬁcial textile FRP strengthened beams. For JF1 and JF2,
failure was observed by the development of single crack
at the beam ﬂexure zone, and two cracks were initiated in
the other jute FRP wrapped beams, again in the ﬂexure
zone of the beam, and on increasing the load, the crack
in both the beams went on widening, but there was no brit-
tle failure of the beam at all, because of good amount of
conﬁnement provided by the jute FRP, this ductile behav-
iour obtained by the use of FRP gave us enough warning
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ure with high deﬂection and deformability index and
henceforth totally avoided any catastrophic mode of failure
of beams. For CF1 and CF2, failure was observed by sud-
den rupture of FRP, followed by the debonding of FRP
from the ruptured point, further by the development of
multiple ﬂexural cracks in the beam area. And for GF1
and GF2, failure was observed by debonding of the glass
FRP along the entire beam length, followed by multiple
ﬂexural cracks. Also for JF3, JF4, CF3, CF4, GF3, GF4,
ﬂexural cracks developed only in the beam area, without
a single crack in the FRP, and failure was promoted by
the generation of a large number of ﬂexural cracks in the
beam area. Hence we can conclude that natural jute textile
FRP, like carbon FRP and glass FRP, has great potential
in increasing the load carrying capacity of RC beams, and
also enhances the material eﬃciency. Hence, natural ﬁbre
in the textile form, like jute textile FRP can be regarded
as a suitable strengthening material for ﬂexural strengthen-
ing of concrete structures particularly, as a good alternative
methodology among the fabric reinforcement in FRP con-
sidering economic and environmental aspects about FRP
products.
References
Al-Amery, Riyadh, Al-Mahaidi, Riadh, 2006. Coupled ﬂexural–shear
retroﬁtting of RC beams using CFRP straps. Compos. Struct. 75, 457–
464.
Almusallam, Tarek H., 2006. Load–deﬂection behavior of RC beams
strengthened with GFRP sheets subjected to diﬀerent environmental
conditions. Cem. Concr. Compos. 28, 879–889.
Al-Rousan, R., Issa, M., 2011. Fatigue performance of reinforced concrete
beams strengthened with CFRP sheets. Constr. Build. Mater. 25,
3520–3529.
Barros, J.A.O., Dias, S.J.E., Lima, J.L.T., 2007. Eﬃcacy of CFRP-based
techniques for the ﬂexural and shear strengthening of concrete beams.
Cem. Concr. Compos. 29, 203–217.
Ceroni, F., 2010. Experimental performances of RC beams strengthened
with FRP materials. Constr. Build. Mater. 24, 1547–1559.
Correia, Joa˜o R., Branco, Fernando A., Ferreira, Joa˜o G., 2007. Flexural
behaviour of GFRP–concrete hybrid beams with interconnection slip.
Compos. Struct. 77, 66–78.Correia, Joa˜o R., Valarinho, Luı´s, Branco, Fernando A., 2011. Post-
cracking strength and ductility of glass–GFRP composite beams.
Compos. Struct. 93, 2299–2309.
Dong, Jiangfeng, Wang, Qingyuan, Guan, Zhongwei, 2013. Structural
behaviour of RC beams with external ﬂexural and ﬂexural–shear
strengthening by FRP sheets. Composites Part B 44, 604–612.
El-Ghandour, A.A., 2011. Experimental and analytical investigation of
CFRP ﬂexural and shear strengthening eﬃciencies of RC beams.
Constr. Build. Mater. 25, 1419–1429.
Esfahani, M.R., Kianoush, M.R., Tajari, A.R., 2007. Flexural behaviour
of reinforced concrete beams strengthened by CFRP sheets. Eng.
Struct. 29, 2428–2444.
Gassan, Jochen, Bledzki, Andrzej K., 1999. Possibilities for improving the
mechanical properties of jute/epoxy composites by alkali treatment of
ﬁbres. Compos. Sci. Technol. 59, 1303–1309.
Grace, Nabil F., Ragheb, Wael F., Abdel-Sayed, George, 2004. Devel-
opment and application of innovative triaxially braided ductile FRP
fabric for strengthening concrete beams. Compos. Struct. 64, 521–530.
Hashemi, S., Al-Mahaidi, R., 2012. Flexural performance of CFRP
textile-retroﬁtted RC beams using cement-based adhesives at high
temperature. Constr. Build. Mater. 28, 791–797.
Joshi, S.V., Drzal, L.T., Mohanty, A.K., Arora, S., 2004. Are natural ﬁber
composites environmentally superior to glass ﬁber reinforced compos-
ites? Composites Part A 35, 371–376.
Kim, Hee Sun, Shin, Yeong Soo, 2011. Flexural behavior of reinforced
concrete (RC) beams retroﬁtted with hybrid ﬁber reinforced polymers
(FRPs) under sustaining loads. Compos. Struct. 93, 802–811.
Lau, Kin-tak, Zhou, Li-min, 2001. Mechanical performance of composite-
strengthened concrete structures. Composites Part B 32, 21–31.
Milanese, Andressa Cecı´lia, Cioﬃ, Maria Odila Hila´rio, Voorwald,
Herman Jacobus Cornelis, 2011. Mechanical behavior of natural ﬁber
composites. Procedia Eng. 10, 2022–2027.
Munikenche Gowda, T., Naidu, A.C.B., Chhaya, Rajput, 1999. Some
mechanical properties of untreated jute fabric-reinforced polyester
composites. Composites Part A 30, 277–284.
Peled, Alva, Bentur, Arnon, 2000. Geometrical characteristics and
eﬃciency of textile fabrics for reinforcing cement composites. Perg-
amon Cem. Concr. Res. 30, 781–790.
Sheikh, Shamim A., 2002. Performance of concrete structures retroﬁtted
with ﬁbre reinforced polymers. Eng. Struct. 24, 869–879.
Sim, Jongsung, Park, Cheolwoo, Moon, Do Young, 2005. Characteristics
of basalt ﬁber as a strengthening material for concrete structures.
Composites Part B 36, 504–512.
Summerscales, John., Dissanayake, Nilmini., Virk, Amandeep., Hall,
Wayne., 2010. A review of bast ﬁbres and their composites. Part 2 –
Composites. Composites Part A 41, 1336–1344.
